Molecular motors move along microtubules unidirectionally. However, the origin of directionality is not clear. Here kinesin-14 monomers were engineered such that they could be anchored via either their N-or C-termini, leaving the opposite terminal regions mechanically disconnected from the surface. We find that the conserved catalytic motor core of kinesin-14 has intrinsic plus-end directionality and that the proper function of the neck-helix region is required to achieve minus-end directionality.
Molecular motors move along microtubules unidirectionally. However, the origin of directionality is not clear. Here kinesin-14 monomers were engineered such that they could be anchored via either their N-or C-termini, leaving the opposite terminal regions mechanically disconnected from the surface. We find that the conserved catalytic motor core of kinesin-14 has intrinsic plus-end directionality and that the proper function of the neck-helix region is required to achieve minus-end directionality.
The uni-directional movement of kinesin motor proteins along microtubules is important in many cellular processes in eukaryotes, including organelle transport and cell division. N-kinesins (kinesin-1 to 12) with a motor domain at the N-terminus move towards the plus-ends of microtubules, whilst C-kinesins (kinesin-14) with a motor domain at the C-terminus move towards the minus-end. Although N-kinesin and C-kinesin have a similar catalytic core structure, these kinesins have their own unique structures at either their N-or C-terminus (Fig. 1A, Fig.   S1A and B). N-kinesin has a C-terminal neck including a 15 amino acid region termed the necklinker (1, 2). C-kinesin has an N-terminal coiled-coil helix termed the neck-helix (3) and a Cterminal 15 amino acid region termed the neck-mimic (4).
In an effort to identify determinants for the direction of movement of kinesins along microtubules, several groups have constructed chimeras. A chimera consisting of a C-kinesin (Ncd) (5) neckhelix and neck-mimic regions were fused to an N-kinesin (kinesin-1) catalytic motor core region at the N-and C-termini, respectively. The chimeras, which were designed to form a dimer (NcdKHC1) (6) or monomer (nKn664) (7), have minus-end directionality, reversing the polarity of kinesin-1 movement (Fig. S1C and D) . A further finding was that chimeras with mutations in either the N-terminal neck-helix -catalytic core junction (NcdKHC5) (6) or catalytic core -C-3 terminal neck-mimic junction (nKn669) (7) retain the plus-end directionality of the kinesin-1 ( Fig.   S1E and F) . These results indicate that proper functioning of both Ncd neck-helix and neckmimic are required to reverse the plus-end polarity of kinesin-1 movement. These chimeras also had neither a kinesin-1 neck-cover strand (8) nor kinesin-1 neck-linker, further suggesting that the plus-end polarity determinants are present in the kinesin-1 catalytic core itself.
Other studies have shown that complementary chimeras consisting of the Ncd catalytic core region fused to a kinesin-1 neck-linker and coiled-coil region, ncd-Nkin (9) and NK-1 (2), moved towards the microtubule plus-end, reversing the minus-end polarity of Ncd movement ( Fig. S1G and H). Another chimera, consisting of the Ncd catalytic motor core region fused to a kinesin-1 neck-linker without the dimerizing region at the C-termini and fused to the Ncd neck-helix with the dimerizing region at the N-termini, did not invert the minus-end polarity of Ncd movement (NcdKHC6) (6) (Fig. S1I) . These results were interpreted as indicating that a positional bias of the microtubule-unattached motor domain of two-headed kinesin, where the unattached-motor domain has been reported to be tilted towards the microtubule plus-or minus-end for plus-or minus-end directed kinesins respectively (10), determined the directionality. Sablin et al. also demonstrated that a two-headed Ncd mutant, in which the neck-helix was mutated by randomizing 12 residues, showed plus-end-directed motility (ncd-ran12) (11) (Fig. S1J) . This study suggested that either (i) dysfunction of the neck-helix caused the unattached motor domain of two-headed Ncd to tilt towards the microtubule plus-end or (ii) the Ncd motor domain with dysfunction of the neck-helix contains a plus-end determinant, like the kinesin-1 catalytic core (12) .
To distinguish between these possibilities, we tested if the catalytic core of C-kinesins possesses a plus-end directionality and if this directionality is affected by the geometry of attachment of the 4 motor head. We made minimal motor domain constructs comprising different kinesin-14 single heads (Drosophila Ncd (5); 325-700 aa, Saccharomyces cerevisiae Kar3 (13); 363-729 aa and Aspergillus nidulans KlpA (14); 398-770 aa) fused to a biotinylated peptide (avi-tag) (15) at either their N-terminus (BP-Ncd325, BP-Kar363 and BP-KlpA398) or C-terminus (Ncd325-BP, Kar363-BP and KlpA398-BP) (Fig. 1B) . These constructs allowed us to bind kinesin-14 monomers to a streptavidin-coated substrate via either their N-termini (neck-helix) or C-termini (neck-mimic) (Fig. 1C and D) . For the N-linked kinesin-14 monomers (BP-Ncd325, BP-Kar363 and BP-KlpA398) attached to the streptavidin-coated substrate via the biotinylated avi-tag fused to their N-termini, the N-terminal neck-helix is connected to the substrate so that it can transmit the microtubule sliding force (Fig. 1C) . For the C-linked kinesin-14 (Ncd325-BP, Kar363-BP and KlpA398-BP) attached to the substrate via their C-terminal neck-mimic, the distal end of the Nterminal neck-helix is disconnected and is hanging free in solution (Fig. 1D) .
We first assayed the directionality using an in vitro polarity-marked microtubule sliding assay ( Fig. 2A) (7, 16) . N-linked kinesin-14s showed minus-end directionality (Fig. 2B, D and F, Table   1 , see also Movie 1 in the Supporting Material), which is consistent with previous reports (3, 13, 14) . Remarkably, we found that surface of C-linked kinesin-14 drove microtubule sliding with the bright minus-ends leading, indicating a plus-end-directed motor activity, like kinesin-1 (Fig.   2C , E and G, Table 1 , see also Movie 1 in the Supporting Material). Sliding velocity driven by each of the three C-linked kinesin-14 monomers is 2~10 times faster than that of the corresponding N-linked kinesin-14 monomers (3) ( Table 1) . These data clearly indicate that directionality in kinesin-14 monomer driven microtubule sliding assays depends on which kinesin-14 terminus is tethered to the surface. Activity of kinesin-14's catalytic motor core coupled via the C-terminal neck-mimic produces plus-end directionality whilst coupling via the N-terminal neck-helix produces minus-end directionality. This extends an earlier prediction that the function of the C-terminal neck-mimic is similar to that of the kinesin-1 neck-linker (4, 12, 17, 18) by showing that the neck-mimic can effectively transmit the plus-end biased conformational changes that occur in the kinesin-14's catalytic core when the neck-mimic is used to couple the catalytic motor core to the glass surface.
The N-terminal neck-helix outside of the catalytic motor core appears to have a key role in generating minus-end directionality. However, previous studies reported that Ncd -kinesin-1 chimeras, which included both the Ncd neck-helix and neck-mimic regions, showed minus-end directionality, reversing the plus-end directionality of the kinesin-1 motor (NcdKHC1 (6) and nKn664 (7), see also Fig. S1 ). To determine if the Ncd neck-helix alone can reverse kinesin-1 directionality in the absence of the Ncd neck-mimic, we made a monomeric Ncd -kinesin-1 chimera, nKk, composed of the Ncd neck-helix followed by the kinesin-1 catalytic motor core and kinesin-1 neck-linker in both the N-and C-linked configurations (Fig. 1B) . We found that both N-and C-linked nKk showed plus-end motility ( Fig. 2H and I, Table 1 , see also Movie 1 in the Supporting Material), showing that the Ncd neck-helix alone is not sufficient to reverse the directionality of the kinesin-1 catalytic motor core and that reversing the directionality of the kinesin-1 motor core require the neck-helix -neck-mimic interaction. To further investigate the role of the N-terminal neck-helix in determining the minus-end directionality, we made a monomeric Ncd mutant, NcdRan13, in which 13 randomized residues were inserted between the neck-helix and catalytic core, in both the N-and C-linked configurations (Fig. 1B) . NcdRan13 is the monomeric version of dimeric ncd-ran12 reported as a plus-end-directed motor (11) (Fig.   S1J ) and differs from ncd-ran12 by insertion of 13 amino acids in the junction. Microtubule sliding assays of both N-and C-linked NcdRan13 showed plus-end movement of the motor on 6 microtubules with a velocity of 0.6 ± 0.2 nm s −1 (mean ± SD, n = 92) and 62 ± 9 nm s −1 (mean ± SD, n = 25), respectively ( Fig. 2J and K This finding, together with the plus-end directionality of nKk in the absence of the neck-mimic region, shows that coupling of the neck-helix to the motor core or the neck-mimic is critical to generate minus-end directionality and that in the absence of this precise coupling the motor generates plus-end directionality.
Recently, the kinesin-14 KlpA has been shown to switch its directionality depending on whether
KlpA works as single molecule or in a team (14) . Motor number dependent directionality was also reported for Cin8 from the kinesin-5 Saccharomyces cerevisiae (19, 20) . However, it was not tested if the directional switching also occurred with the monomeric constructs. To test this, we examined the dependence of directionality on the motor number of monomeric KlpA in both the N-and C-linked configurations. We found that the directionality of both N-and C-linked KlpA did not change in a polarity-marked microtubule sliding assay as the monomeric concentrations ranged from 0.25 to 1 μM, whereas the sliding velocity of N-linked KlpA slightly changed ( Fig.   2F and G, Fig. 3 red) . We also found that both N-and C-linked monomeric Cin8 did not change directionality with changes in motor number ( Fig. 2L and M, Fig. 3, blue) . This indicates that the motor number of monomeric constructs is not relevant in determining directionality, which is consistent with a recent report on Cut7, the kinesin-5 from Schizosaccharomyces pombe (21) .
Therefore, the directionality is determined by the end used for anchoring the monomeric constructs. We also assayed the motor directionality of kinesin-14 monomeric constructs (KlpA398 and Ncd325) by attaching them to quantum dots (QDs) and allowing them to move along immobilized microtubules (Fig. 4A) . QDs carrying either N-or C-linked constructs did not change directionality (Fig. 4B~E, Table 1 , see also Movie 2 in the Supporting Material), 7 indicating that the directionality is independent of an assay geometry and forces acting in microtubule sliding assays.
Our motility assays using minimal motor constructs show that the kinesin catalytic motor core including that of kinesin-14 defaults to plus-end directionality. The catalytic core achieves minusend-directed motor activity by the proper function of the neck-helix cooperating with either the kinesin-14 catalytic core or neck-mimic, only when the N-terminal neck-helix is connected inline between the catalytic core and a substrate surface. Together with previous studies 2, 6, 7, 9, 11 , all C-linked kinesins, kinesin mutants and chimeras are commonly plus-end-directed even though constructs have the native neck-helix region at their N-termini (Fig. S2) . Although the mechanism of plus-end-directed motility for the minimal kinesin motor domain remains unclear, two broad types of model have been suggested. In the first, the catalytic core itself is able to generate a small plus-end-directed conformational change on microtubules (11, 22) . In the second, plus-end directionality is generated by directionally-biased binding of the catalytic core to the microtubule (23, 24) . Models incorporating both processes are also possible. To carry out minus-end-directed motion, kinesin may have acquired the ability to overcome the plus-end directionality in the catalytic motor core through the introduction of the N-terminal neck-helix structure and changes in the C-terminal kinesin-1 neck-linker sequence during evolution. 
